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PROJECT  SUMMARY 

The  research  program  under  designation  SEED  MM1593,  funded  by 
SERDP  in  a  period  of  one  year  (03/01/2007  -  02/29/2008)  has  yielded  positive 
results  which  can  be  briefly  described  as: 

1.  Successful  development  of  ferromagnetic  nanocontact  material  (metal- 
metal  oxide/hydroxide)  for  magnetic  nanocontact  based  magnetic  field 
sensor  fabrication, 

2.  Development  and  integration  of  electrodeposition,  e-beam  lithography 
and  reactive  ion  etching  processes  necessary  for  fabrication  of  magnetic 
field  sensor  devices  having  the  critical  dimensions  of  ~30  -  40  nm 
(nanocontact  diameter). 

3.  Fabrication  and  testing  of  50+  prototype  devices  with  an  average  value  of 
magnetoresistance  ~  32%,  measured  at  room  temperature. 

4.  The  immediate  results  produced  during  this  research  program  have  been 
published  in  two  peer  reviewed  journal  publications  [1,2]  and  presented 
at  2007  SERDP  workshop  in  Washington  DC.  An  additional  publication 
with  an  indirect  relevance  to  this  program  has  been  published  as  a  result 
of  a  broader  collaboration  with  other  researchers  in  the  ECE  department. 
University  of  Houston  [3]. 

The  novel  device  and  ferromagnetic  nanocontact  material  as  well  as  the 
facile  device  fabrication  concept  have  clearly  demonstrated  a  cost  effective  route 
for  transformative  development  of  sensing  devices  for  the  underground 
munitions  detection  applications.  The  new  sensing  concept  could  have  the  great 
potential  for  further  improvement  of  the  US  army  detection  systems. 
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PRIOR  ART 


In  recent  years,  the  phenomenon  called  "Ballistic  Magnetoresistance"  or 
"BMR"  has  been  introduced  to  the  scientific  community  [4,5,6,7,8,9,10].  The 
"BMR"  phenomenon  was  associated  with  the  existence  of  ferromagnetic 
nanocontacts,  and  the  idea  of  ''nanocontact"  based  devices  has  drawn 
considerable  attention  due  to  the  potential  application  as  magnetic  field  sensors 
and  magnetic  random  access  memory  devices  (MRAM)  [11].  The  accurate 
description  of  the  "BMR"  phenomenon  is  still  a  topic  of  scientific  discussions  and 
several  models  are  offered  in  the  literature  [12,13,14,15,16,17].  The  most  receptive 
one  is  based  on  the  spin  dependent  electron  scattering  from  the  magnetic  domain 
wall  (MDW)  existing  in  the  confined  geomefry  of  the  nanocontact  between  two 
ferromagnetic  electrodes  [4,16,13]  (Figure  1).  If  the  size  of  the  nanocontact 
containing  MDW  is  the  same  or  less  than  the  spin  flip  mean  free  path  of  the 
electrons,  i.e.,  the  electron  transport  through  the  MDW  is  ballistic  {d,  w  ~  A/),  then 
electrons  passing  through  the  MDW  will  encounter  a  high  reflection  probability 
due  to  the  poor  matching  of  the  Fermi  surfaces  of  spin-up  and  spin-down 
electrons.  This  manifests  as  a  higher  resistance  state  than  when  both  electrodes 
have  the  parallel  magnetizations  pointing  along  the  same  direction  (non-existing 

MDW). 

The  best  results  reporting  "BMR" 
{ARIRmin  =  300%  -  3000%)  involve 

nanocontacts  created  by  electrodeposition 
[8,18].  However,  Svedberg  and  co-workers 
pointed  out  [  19  ]  that,  if  experimental 
conditions  are  such  that  a  dendritic 
electrodeposit  is  formed  [  20  ],  the  large 
values  of  magneforesisfance  can  be 
produced  by  the  motion  of  the  magnetic 
nanoparticles  within  the  agglomerate 
kv'  forming  the  nanocontact.  This  effect  could 

Ml  W  contribute  to  the  large  magnetoresistance 
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Figure  1  Geometry  of  the  electrodeposited 
nanocontacts  between  two  ferromagnetic 
electrodes.  Mutual  orientations  of  the 
electrodes'  magnetizations  are  180-  (left) 
and  90-  (right).  The  insets  show  the 
schematics  of  the  high  resistance  state 
related  to  nano-confinement  of  the  MDW. 


observed  in  original  experiments 
reporting  the  "BMR"  phenomenon 
[4,5,6, 7,8].  Egelhoff  et  al.  have  considered 
experimentally  and  theoretically  the 
possibility  that,  in  the  case  of  Ni,  Fe  or  Co 
electrodes,  the  magnetostriction  can 
contribute  to  the  observed  large  values  of 
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magnetoresistance  [14],  Nevertheless,  Garcia  et  al.  have  offered  recently  the 
experimental  evidence  excluding  the  magnetostriction  as  the  origin  of  the  "BMR" 
[21]. 

One  of  the  key  issues  related  to  ferromagnetic  nanocontacts  with  large 
magnetoresistance  is  the  possibility  of  oxide  incorporation  during  nanocontact 
electrodeposition.  The  nature  of  the  control  in  electrochemical  cell  [22]  requires, 
that  during  Ni,  Co,  or  Fe  electrodeposition  on  the  cathode  side,  the  oxidation  of 
the  same  metal  serving  as  an  anode  has  to  occur  simultaneously  in  order  to  have 
the  continuity  of  charge  flow  through  the  cell  [22],  The  broad  region  of  passivity 
for  Ni,  Co  or  Fe  metals  at  more  positive  potentials  [23]  provides  the  situation 
where,  in  the  moment  of  the  nanocontact  formation,  the  metallic  cathode  surface 
is  connected  with  an  anode  covered  by  an  oxide  layer.  Mallet  et  al.  [24]  have 
shown  that,  if  there  is  no  oxide  on  the  anode  surface  before  the  nanocontact  is 
formed,  no  significant  magnetoresistance  is  observed.  The  importance  of  the 
oxide  in  nanocontact  geometry  has  been  also  pointed  out  by  Tsymbal  et  al.  [15]. 
In  this  work,  the  authors  showed  that  presence  of  an  incoherent  metal  oxide 
layer,  with  disorder  or  impurities  between  two  ferromagnetic  nanoelectrodes, 
gives  a  rise  to  the  phenomenon  called  "resonant  inversion  of  tunnelling 
magnetoresistance" .  This  phenomenon  can  explain  the  origin  of  the  positive  and 
negative  magnetoresistance  observed  in  some  electrodeposited  nanocontacts 
[25].  The  tunnelling  phenomenon  occurring  within  the  metal/oxide  nanocontact 
junctions  has  been  also  elaborated  by  Garcia  [16]  emphasizing  that  the 
phenomenological  distinction  between  tunnelling  in  ballistic  nanojunctions  and 
ballistic  magnetoresistance  cannot  be  achieved  by  experimental  measurements. 

DEVICE  FABRICATION-Lithography  and  Etching  Process  Development 

The  approximate  device  geometry  that  has  been  pursued  in  our  research 
is  shown  schematically  in  Figure  2A.  The  device  concept  is  designed  as  plain 
parallel  90  °  mutual  orientation  bottom  and  top  magnetic  wires  (leads)  insulated 
by  ~50  nm  thick  AhOs  layer.  The  wires  are  cormected  by  the  ferromagnetic 
nanocontact  formed  by  electrodeposition  in  the  nanoconfined  electrode  geometry 
which  represents  the  etched  cylindrical  hole  in  insulating  AbOa  with  diameter  of 
-30-40  nm.  Both  wires  and  nanocontact  are  produced  by  electrodeposition,  and 
the  material  of  the  bottom  wire  is  either  Ni,  or  Co,  while  the  material  of  the  top 
wire  is  Permalloy.  The  device  build  is  implemented  as  bottom-up  fabrication 
process  and  the  most  important  results  related  to  the  development  of  each  of 
these  processes  will  be  discussed  latter  in  the  text. 

The  top  view  of  our  prototype  device  is  shown  in  Figure  2B  (optical 
image)  and  the  zoom  of  the  region  where  the  two  magnetic  wires  overlap  is 
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shown  in  Figure  2C.  The  each  wire  is  indicated  in  the  Figure  2B.  The  region  of  the 
device  where  the  magnetic  wires  are  connected  by  ferromagnetic  nanocontact  is 
shown  with  circle  -  dashed  line,  and  the  actual  FIB-cross-section  of  the  device 
showing  the  cormection  between  the  magnetic  wires  with  ~  45  nm  diameter,  Ni 
nanocontact  is  shown  in  Figure  2D. 


Figure  2.  A)  schematics  of  the  device  design  and  cross-section  showing  bottom  and  top  magnetic 
wires,  nanocontact  and  insulating  layer, (B)  Top  view  optical  image  of  the  actual  prototype  device, 
(C)  Zoom  of  the  critical  part  of  the  device  where  the  top  and  bottom  wire  connect  with 
nanocontact  (top  view)  and  (D)  FIB-SEM  of  the  cross-section  of  the  actual  device  having  ~45  nm 
diameter  of  the  nanocontact  (material:  Ni/Fe(OH)3). 


E-beam  lithography  Results.  The  device  design  and  corresponding  fabrication 
process  relied  on  the  lithography  to  deliver  the  defined  nanohole  dimensions  of 
the  mask  for  etching  of  the  nanoholes  and  for  electrodeposition  of  ferromagnetic 
nanocontacts.  The  initial  trials  to  use  ion-beam  lithography  as  a  high  throughput 
and  low  cost  approach  were  abandoned  in  the  period  May-Jun  2007  due  to  the 
difficulties  in  making  stencil  masks  with  appropriate  nano-aperture  dimensions. 
For  this  reason,  all  our  efforts  were  invested  in  the  e-beam  lithography  as  the 
main  tool  to  create  the  desired  nanoelectrodes  geometry.  In  this  work,  we  used 
approach  developed  earlier  by  PI  where  the  100  -  200  nm  thick  PMMA  resist  is 
used  with  10  nm  thick  underlayer  of  PMGI  [26]. 


Figure  3.  E-beam  lithography  results  (A)  ~27  nm  (B)  ~40  nm  and  (C)  42  nm  nanoholes  produced 
in  100  nm  PMMA  resist  using  does  of  70,  140  and  250  juC.  (D)  Array  of  ~40  nm  diameter  Ni 
nanodots  electrodeposited  into  a  nanohole  electrode  array  produced  by  e-beam  lithography. 
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The  best  results  that  were 
achieved  for  single  nano-hole 
geometry  were  in  the  range  of 
30  nm,  however,  the  typical 
yield  in  this  dimension  range 
was  low,  -30%  (Figure  3).  The 
optimum  e-beam  lithography 
was  developed  for  the  nano¬ 
holes  with  ~  40  nm  diameters 
(yield  -90%)  where  the 
subsequent  electrodeposition  of 
Ni  has  been  used  to  verify  the 
success  of  the  of  the  process 
and  cleanness  of  the  nanoholes 
after  developer  is  applied  to 
remove  the  exposed  resist.  The 
typical  lithography  and 
subsequent  Ni 

electrodeposition  results  are 
shown  in  Figure  3  and  the  dose 
matrix  developed  for  e-beam  process  for  50  nm  CAD  dimensions  of  the  nanohole 
is  shown  in  Figure  4. 
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Figure  4.  Dose  matrix  for  e-heam  process.  System: 
100  nm  PMMA/50nmAl203/100  nm  of  Co.  The 
actual  dimensions  of  the  measured  diameter  of  the 
nano-holes  pattern  vs.  does  used  in  single  e-heam 
pass. 


Reactive  Ion  Etching. 


Figure  5.  RIE  results  from  nanohole  electrode  geometry.  The  test  structures  are  etched  in  50  nm 
AhOs/lOO  nm  Co,  having  lOOnm  ofPMMA  with  e-heam  defined  nanohole  mask  pattern.  (A)  and 
(B)  are  ~60  nm  and  120  nm  diameter  of  etched  holes  in  AhOs  layer  measured  immediately  after 
etching  step.  (C)  and  (D)  are  FIB  cross-section  of  the  electrodeposited  Ni  into  a  30  nm  and  45  nm 
nanohole  electrode  geometry.  The  large  mushroom  like  Ni  overgrowth  on  top  of  the  metal  deposit 
in  nanocontact  electrode  geometry  is  formed  purposely  to  facilitate  the  identification  of  the 
location  of  deposited  and  etched  structures. 
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The  RIE  etching  process  using  CHFa  gas  was  developed  for  fabrication  of 
nanohole  electrode  geometry  in  insulating  AI2O3  layer.  The  natural  stopping 
material  for  etching  process  was  metal  layer  (Co,  or  Ni)  as  a  part  of  underlying 
magnetic  leads.  The  success  of  the  etching  process  during  the  process 
development  stage  was  also  verified  by  subsequent  Ni  electrodeposition  and  the 
typical  yield  was  found  to  be  ~80  %.  The  great  difficulty  was  experienced  in 
measuring  the  real  size  of  the  etched  holes  immediately  after  etching.  This 
problem  was  related  to  strong  charging  of  the  samples  in  high  resolution  SEM 
image  mode  resulting  in  inaccurate  evaluation  of  dimensions  (50%  larger  than 
real  dimensions).  Because  of  this,  the  SEM  of  the  fibbed  Ni  electrodeposits  in 
nanohole  electrode  geometry  was  used  to  verify  and  compare  the  nanohole 
dimensions  with  the  ones  expected  from  the  e-beam  lithography  metrology.  It 
was  concluded  on  more  than  a  dozen  comparative  measurements  that  the  size  of 
the  etched  holes  is  typically  ~5-10%  larger  than  the  one  defined  by  e-beam 
lithography.  The  representative  results  and  metrology  from  this  step  are  shown 
in  Figure  5. 


ELECTRODEPOSITION  OF  NANOCONTACTS 

Ni  Nanocontact  with  phase  separated  Ni  and  oxide/hydroxide  domains 
(Fe(OH)3).  Our  approach  to  form  the  Ni  nanocontacts  with  certain  amount  of 
oxide/hydroxide  phase  was  based  on  the  following  phenomenon.  During 
electrodeposition  of  the  ferromagnetic  metals  and  alloys,  the  hydrogen  co¬ 
deposition  occurs  in  parallel  leading  to  the  depletion  of  the  hydrogen  ions  at  the 
electrode/solution  interface.  This  causes  the  local  increase  in  pH  which  promotes 
the  nucleation  and  precipitation  of  insoluble  M(OH)n  species  at  the  growing 
electrode/solution  interface.  This  process  is  attributed  as  the  main  reason  for 
incorporation  of  oxide  and  nonmagnetic  inclusions  in  Permalloy  [27],  CoFeNi  [28] 
and  in  2.4  [T]  CoFe  alloys  [29].  Our  research  work  in  the  first  six  months  has  been 
focused  on  phenomenological  description  of  this  process  and  experimental 
measurements  demonstrating  that  the  incorporated  hydroxide  exists  as 
completely  separate  phase  in  magnetic  deposit  [1].  The  hydroxide  incorporation 
rate  is  equal  to  the  hydroxide  flux  achieved  through  the  nucleation/precipitation 
process  (mol-cm'^-S'^)  and  it  is  defined  as  function  of  metal  ions  forming  the 
insoluble  M(OH)n  hydroxide  as  [1]: 
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In  the  above  expression,  the  (j)  is  the  shape  factor  of  the  nucleus  while  N-E 
represents  the  product  between  the  average  size  of  hydroxide  stable  nucleus  and 
nucleation  rate  constant.  These  are  the  only  parameters  that  have  to  be 
determined  experimentally,  while  the  values  of  pH,  5,  j,  and  y  represent  the  pH 
of  the  solution,  diffusion  layer  thickness,  current  density  and  current  efficiency 
and  they  are  the  parameters  related  to  the  solution  and  electrodeposition  process 
design.  The  other  terms  in  eq.(2)  are  physical  constants  which  are  available  in 
literature  or  they  could  be  calculated  from  the  published  data  (n  is  oxidation 
state  of  the  metal  ions  forming  insoluble  hydroxide,  Kp  is  product  of  solubility  of 
the  metal  hydroxide,  Kiv  is  the  ionic  product  of  water,  F  is  Faraday's  constant, 
Dh+ is  diffusivity  of  hydrogen  ions,  T  is  absolute  temperature,  ohyd  is  the  surface 
energy  of  hydroxide,  F2is  the  molecular  volume  of  hydroxide). 

We  use  the  above  expression  to  find  the  volume  fraction  of  the  hydroxide 
phase  in  magnetic  deposit  by  simple  formula  [1]: 


'^^^hyd  ~ 


^hyd  '  ^ , 


RpM 


R-hyd 


where  Rfm  represents  the  deposition  flux  of  ferromagnetic  phase  which  is 
calculated  from  the  deposition  current  j,  and  current  efficiency  y  as  Rfm  =  j  -y!  nF, 
while  Om,hyd  and  Um,FM  are  the  molar  volumes  of  metal-hydroxide  and 
ferromagnetic  phase  which  can  be  evaluated  from  the  literature. 

The  most  insoluble  hydroxide  among  the  ferromagnetic  metals  is  Fe(OH)3,  and 
the  easiest  approach  to  incorporate  the  oxide  phase  into  the  Ni  as  the 
ferromagnetic  phase,  or  any  other  ferromagnetic  metal  is  to  add  certain  amount 
of  Fe^+  into  solution  for  Ni  deposition.  In  order  to  determine  the  shape  factor 
(j)  and  product  HE  in  eq.(2)  for  incorporation  process  of  Fe(OH)3  we  have 
measured  the  magnetic  moment  of  electrodeposited  Co^Feeo  films  as  a  function 
of  the  vol.  fraction  of  the  incorporated  hydroxide  phase. 
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Figure  6.  (A)  Bs  vs.  [Fe^*]for  electrodeposited  Co4oFe6o  films.  The  concentrations  ofFe^*for  which 
the  onset  ofFe(OH)3  nucleation  starts  at  interface  (*)  and  in  the  bulk  solution  (o6)  are  indicted  in 
the  graph.  Solution:  pH=2,  [Fe^-]  =  0.1  M,  [Co^^]=0.05  M,  H3BO3  =  0.4  M,  NH4CI  =  0.3  M, 
Deposition  parameters:  j=3. 8  mAcm-^,  /=0.12,  o)=  300  rpm  [1]. 

(B)  Calculated  vohyd  vs.  [Fe^*]  dependence  for  electrodeposited  Ni  films  using  cf)  =  8.2  xlO'^  and 
N-E=2.35  xlO^*  cm-^-s~^  determined  from  the  model  fit  to  the  data  in  Figure  6A.  Solution  for  Ni 
deposition:  pH=2,  [NB*]  =  0.1  M,  HsBOs  =  0.4  M,  Deposition  parameters:  i=4  mA€m~^,  y=0.25, 
o)=  300  rpm.  The  insets  in  Figure  6B  are  SEM  images  of  the  FIBs  ofNi  nanodeposit  obtained 
from  the  solutions  having  1.35x10^^  mol-L~h  1.5xl0~^  mol and  2.5xl0~^  mol-D^  ofFe^*. 
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The  example  of  this  procedure  is  shown  in  Figure  6,  for  deposition  of  Co4oFe6o 
films.  The  magnetic  moment  of  CoFe  is  fitted  by  following  expression  [30]; 


Bs  =  Bso  il-volhyd)  (3) 

where  Bso  =2.41  T  is  the  magnetic  moment  of  pure  CoFe  phase.  The  vol.  fraction 
of  hydroxide  phase  volhyd  is  expressed  as  a  function  of  Fe^+  concentration  in  the 
solution  using  the  eq.(l)  and  eq.(2).  The  fit  of  the  eq.(l-3)  to  the  Bs  vs.  [Fe^^]  data 
in  Figure  6 A,  yields  the  values  of  parameters  (j)  and  N  -E  necessary  for  complete 
phenomenological  description  of  the  Fe(OH)3  incorporation  process.  We  used 
these  parameters  to  predict  the  volume  fraction  of  Fe(OH)3  in  electrodeposited 
Ni  as  a  function  of  Fe^^  concentration  in  Ni  plating  solution.  This  calculation  is 
shown  in  Figure  6B.  The  insets  in  this  figure  represent  the  FIB  cross-sections  of 
Ni  nanocontact  deposit  with  different  vol%  of  Fe(OH)3  phase. 

The  EDX  analysis  of  the  Ni  deposit  for  O  content  was  fond  in  good 
agreement  with  our  vol%  of  Fe(OH)3  phase  estimate  in  Ni  matrix.  Also,  the  SEM 
images  of  the  corresponding  Ni  deposit  with  different  amount  of  incorporated 
Ee(OH)3  do  show  a  significantly  different  contrasts.  The  samples  with  vol%  above 
10%  do  show  pronounced  dark  regions  which  according  to  NANOEDX 
measurement  are  iron  and  oxygen  reach  phase-particles,  or  Ee(OH)3  phase.  The 
described  procedure,  deposition  process,  and  solution  formulation  for  Ni 
nanocontact  deposition  with  controlled  amount  of  oxide/hydroxide  phase  is  used 
for  fabrication  of  the  magnetic  field  sensors  with  nanocontact  with  phase 
separated  ferromagnetic  Ni  matrix  and  hydroxide  (Ee(OH)3)  domains. 

Ni  Nanocontacts  with  NixOy  Layer  Formed  by  Anodic  Oxidation.  The  second 
approach  to  fabricate  Ni  nanocontacts  with  controlled  amount  of  oxide  phase  is 
based  on  the  application  of  one  short  anodic  pulse  during  the  nanocontact 
electrodeposition.  The  typical  current  transient  from  Ni  nanocontact 
electrodeposition/oxidation  is  shown  in  Figure  7 A.  The  deposition  process 
involves  three  steps,  1)  electrodeposition  2)  anodic  oxidation  and  3) 
electrodeposition  again  in  order  to  form  Ni/Ni-oxide/Ni  structure  with  in  the 
boundary  of  the  nanoelectrode  confinement.  The  electrodeposition  and  anodic 
oxidation  of  Ni  is  performed  in  the  same  solution.  The  anodic  pulse  towards  the 
potential  region  of  Ni  passivity  yields  the  irreversible  formation  of  Ni-oxide  layer 
that  can  not  be  reduced  upon  the  potential  reversal  back  to  the  deposition  regime 
[31].  The  anodic  formation  of  Ni-oxide  has  been  well  understood  within  the 
realm  of  Point  Defect  Model  and  experimental  data  were  found  in  a  good 
agreement  with  predictions  of  the  theory  [32]. 
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figure  7  (A)  Typical  current  transient  from  Ni  Electrodeposition/oxidation/electrodeposition 
process.  Solution:  0.1  M  NP  +  0.4  M  HsBOs,  pH  =  2.  (B)  Steady  state  current  transients  for 
anodic  oxidation  ofNi  surface  obtained  for  different  anodic  potentials  and  pH.  The  two  different 
slopes  ofiss  vs.  E  indicate  the  two  potential  regions  ofNi  passivity  and  transpassivity. 
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There  are  two  types  of  Ni-oxide  that  are  explored  in  our  fabrication  concept.  The 
first  one  is  the  compact  but  defective  inner  NiO  barrier  layer  (1-3  nm)  which  is 
formed  in  the  passive  potential  region.  There  is  considerable  evidence  that  NiO 
layer  is  highly  ordered  with  epitaxial  crystalline  structure  on  metal  substrate 
[33].  This  layer  is  covered  with  >2  nm  Ni(OH)2  outer  phase  [34]  which  can  not  be 
reduced  upon  reversal  of  the  potential  back  to  deposition  regime.  The  second 

type  of  Ni-oxide  is 
formed  by  anodic 
potential  pulse  in  trans¬ 
passive  potential  region. 
This  oxide  is  not 

stoichiometric,  it  has  low 
density  and  its  reduction 
to  NiO  or  Ni(OH)2  was 
found  during  the 

reversal  of  the  potential 
into  cathodic/deposition 
region  [35].  The  anodic 
potentials  yielding  the 
formation  of  these  two 
types  of  Ni-oxide  layers 

is  defermined  by 

analysing  the  steady 
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Figure  8.  Double  layer  capacitance  for  anodized  Ni  electrode 
at  different  potentials  for  300  sec  in  0.1  M  M2+  +  0.4  M 
HsBOs,  pH  =  2.  Arrows  indicate  minima  for  passive  and 
traspasive  potential  regions. 
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state  current  transients  from  our  anodic  pulse  potential  experiments  [32],  These 
results  are  shown  in  Figure  7B  for  solution  design:  0.1  M  Ni^3  0.4  M  H3BO3  and 
pH  ranging  from  2  to  4.  The  choice  of  particular  anodic  pulse  potential  to  form 
Ni-oxide  layers  in  passive  and  trans-passive  region  is  based  on  the  measured 
values  of  the  double  layer  capacitance  of  the  oxidized  Ni  electrode  by  300  second 
long  anodic  pulse.  The  chosen  potentials  of  +0.8  V  and  1.4  V  vs.  Ag+/AgCl/CF 
electrode  are  the  ones  where  the  minimum  double  layer  capacitance  is  measured 
for  each  potential  region  which  indicates  formation  of  the  particular  oxide  layer 
with  the  minimum  thickness  [36],  Figure  8.  The  duration  of  the  anodic  pulse 
during  the  Ni  nanocontact  fabrication  for  each  potential  is  determined  as  the 
time  necessary  for  establishment  of  the  steady  state  anodic  current,  i.e  the 
formation  of  the  oxide  layer  with  uniform  thickness  [32].  For  both  anodic 
potential  pulses  At  is  determined  to  be  ~  50  seconds. 

Ni  Single  Crystal  Nanocontacts.  The  magnetic  field  sensors  with  single 
crystal  Ni  nanocontacts  represent  structures  where  the  electron  transport  occurs 
with  minimal  scattering  from  crystal  defects  such  as  grain  boundaries, 
dislocations,  inclusions  etc.  They  are  used  as  referent  point  to  which  the 
performance  and  properties  of  devices  with  different  amount  of  oxide/hydroxide 
within  the  nanocontact  matrix  can  be  compared  to,  and  the  relative  contribution 
of  oxide/hydroxide  content  to  the  values  of  the  resistance  is  evaluated  (AR/R  vs. 
vol%  oxide). 

The  methodology  for  design  of  successful  and  precise  electrodeposition 
process  of  Ni  single  crystal  in  the  nanotemplate  electrode  geometry  is  based  on 
earlier  PTs  work  on  CoFe  and  CoNiFe  deposition  at  nanoscale  in  a  trench 
electrode  geometry  (d  <  50  nm)  [  37,38  ].  In  this  work,  the  successful 
electrodeposition  process  has  been  developed  by  fully  considering  the  transport 
limitations  in  nanoconfined  electrode  geometry  [37,38],  conditions  at  the 
electrochemical  interface  for  additive  adsorption  [39],  and  interface  stability  with 
respect  to  Fe(OH)3  precipitation  [38].  The  additional  effect  that  we  have  exploited 
for  nano-hole  electrode  geometry  is  that  it  serves  as  an  effective  promoter  of  a 
perfect  mononuclear  layer-by-layer  growth.  The  theoretical  base  for  this  effect 
has  been  offered  in  the  literature  considering  the  kinetics  of  thin  film  growth 
[40,41,42,43].  According  to  this  considerations,  the  nucleation  density,  n,  is  a 
function  of  deposition  flux  {F=iyinF),  the  nearest  neighbor  distance  for  an  atom 
diffusion  over  the  surface  {a),  and  the  surface  diffusivity  (D),  as; 
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By  taking  an  fl~0.3  nm  (Ni),  D~  10'®  cm^s  ^  [44],  y  =  0.2,  and  nF  ~2  x  10^  C-mol  k  we 
have  estimated  the  current  density  that  should  produce  the  single  Ni  nucleus  per 
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nano-electrode  area.  The  square  root  of  the  Ijn  is  taken  to  be  equal  to  the  nano¬ 
hole  electrode  geometry  with  diameter  d~40  nm,  and  the  deposition  current 
density  (flux)  leading  to  the  mononuclear  layer  by  layer  growth  is  found  to  be  ~  < 
0.01  mA/cm^.  The  example  of  single  crystal  Ni  overgrowths  originating  from  a 
single  nanoelecfrode  geometries  are  shown  in  Figure  8A  and  8B.  The  diameter  of 
the  nanohole  electrode  is  d  ~  40  nm  and  the  cuboctahedral  shape  of  the  Ni 
overgrowth  deposit  obtained  after  bottom-up  deposition  (/'  ~  0.006  mAcm"^) 
indicates  single  crystal  structure.  The  representative  FIB  cross-section  of  the 
nanocontact  defined  in  AbOs  layer  is  shown  in  Figure  8C.  The  facets  defining 
the  Ni  deposit  shape  represent  the  FCC  metal  low-index  planes  developed 
during  the  deposit  growth.  The  cuboctahedral  shape  of  the  deposit  in  the  half 
space  above  the  insulating  layer  is  defined  by  the  minimum  of  the  single  crystal's 
surface  free  energy  [45]  which  indicates  that  the  Ni  nanocontact  from  which  fhis 
electrodeposif  evolves  is  single  crysfal  as  well. 


Figure  8.  (A)  and  (B)  Top  view  ofNi  clusters  electrodeposited  on  top  of  the  Ni  nanocontact  using 
current  density  of  0.006  mAcnr^,  inset  shows  the  model  of  cuboctahedra  (C)  FIB  cross-section  of 
Ni  40  X  40  nm  nanocontact  corresponding  to  the  structure  in  (B). 

DEVICE  TESTING 

The  magneforesisfance  measuremenfs  of  devices  are  performed  af  room 
temperature  as  four  probe  resistivify  measurements.  The  magnetic  field  was 
applied  in  the  plane  which  is  perpendicular  to  the  current  flow  through  the 
nanocontact  as  the  crucial  part  of  the  device.  The  sweep  limits  of  the  magnetic 
field  are  designed  fo  achieve  full  magnetization  saturation  in  the  ferromagnetic 
wires  of  the  devices.  The  typical  testing  currents  were  5  mA  and  10  mA  which 
assuming  40  nm  diameter  of  the  nanocontact  correspond  to  ~  4  x  10“  mAcm'^ 
and  ~  8x  10“  mAcm'^  current  density. 
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Prototype  Devices  with  Ni  single 
crystal  nanocontact.  The  testing  of 
the  nanocontact  devices  with  single 
crystal  Ni  nanocontact  has  not 
yielded  any  significant  values  of 
AR/R  (Figure  9).  For  the  achieved 
dimensions  of  the  Ni  nanocontacts 
being  in  average  ~40  nm 
(lithography  CD)  and  for  the 
material  of  the  magnetic  wires  being 
Ni  (bottom)  and  NiFe  (top)  the 
measured  values  of  the 
magnetoresistance  were  all  in  the 
range  of  1-  3%,  Figure  9.  The  values 
of  Rmin  were  found  between  0.5- 10  fl 
which  might  indicate  a  significant 
scattering  in  the  real  size  of  the 
nanocontacts  cross-sections 

(conductive  cross-section).  Several  devices  have  shown  the  AR/R  values  between 
3-6%  having  Rmin  below  1  Q  which  might  be  the  indication  that  current  crowding 
has  contributed  to  the  increased  values  of  magnet oreistance.  All  observed  values 
of  AR/R  can  be  understood  within  the  frame  of  the  anisotropic  magnetoresistance 
(AMR)  phenomenon  and  we  conclude  that  no  interesting  information  were 
obtained  from  this  set  of  devices.  Perhaps,  either  smaller  CDs  of  the  Ni 
nanocontact  have  to  be  achieved  or  the  Ni  +  oxide  material  as  nanocontact 
material  is  necessary  in  order  to  achieve  the  values  of  magnetoresistance 
comparable  to  the  ones  reported  for  BMR  phenomenon. 

Prototype  Devices  having  Ni  Nanocontacts  with  NixOy  Layer  Formed  by 
Anodic  Oxidation.  The  set  of  12  devices  that  were  built  with  this  type  of  the 
nanocontact  material  did  not  yield  any  results.  No  connectivity  between  the 
bottom  (Co)  and  top  (Permalloy)  magnetic  leads  was  observed  and  no 
magnetoresistance  measurements  could  be  performed.  The  reason  for  this  is  not 
clear,  however,  the  first  FIBs  of  the  failed  devices  indicate  a  disintegration  of  the 
nanocontact  structure.  This  could  happen  during  the  device  testing  (high  current, 
heating,  etc)  or  during  the  fabrication  of  the  devices  (nanocontact  dissolution 
during  anodic  pulse).  Figure  10.  At  this  point  we  are  investigating  possible 
reason  for  this  failure.  The  additional  efforts  were  made  to  produce  a  new  set  of 
devices  with  Ni/NixOy/Ni,  structure,  however,  by  the  time  this  report  is 
compiled,  their  fabrication  and  testing  of  these  devices  have  not  been 
accomplished  yet. 


Rmin/n 

Figure  9.  AR/R  vs.  Rmin  for  devices  having  Ni 
single  crystal  as  the  material  of  nanocontact 
and  Ni  (bottom)  and  Permalloy  (top)  as 
magnetic  leads.  Testing  current  is  5  mAcm~^ 
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Figure  10.  (A)  and  (B)  SEM  of  the  FIB  cross-sections  of  the  prototype  devices  with 
Ni/NixOy/Ni  nanocontact  structure.  On  both  images  it  is  obvious  lack  of  nanocontact 
between  the  two  magnetic  leads. 

Prototype  Devices  having  Ni  Nanocontact  with  phase  separated  Ni  and 
oxide/hydroxide  domains  (Fe(OH)3).  This  type  of  the  devices  produced  the 
highest  values  of  magnetoresistance,  and  for  that  reason,  the  most  interesting 
results  so  far.  The  nanocontacts  were  produced  by  electrodeposition  of  Ni  from 
solution:  0.1  M  NT+  +0.4  M  H3BO3  +  2  xlO'^  M  Fe^%  pH=2,  which  according  to  our 
model  and  experimental  data  (Figure  6B)  produces  Ni  deposit  with  -30%  vol.  of 
Fe(OH)3  phase  (j  =  4  mAcm"^).  For  these  devices  design,  the  bottom  lead  was 
made  of  Co,  and  the  top  one  is  made  of  Permalloy.  During  the  testing  the 
magnetic  field  was  in  plain  perpendicular  to  the  current  of  flow  through  the 
nanocontact  and  it  was  aligned  along  the  direction  of  the  Co  -bottom  wire,  so 
that  the  switching  of  the  magnetization  is  achieved  only  in  the  top  lead 
(Permalloy).  The  -30  %  vol  of  the  hydroxide  phase  ensures  that  Ni  ferromagnetic 
phase  percolates  through  the  nanocontact  body  and  therefore  it  should  be 
expected  to  be  responsible  for  the  bulk  values  of  the  nanocontact  resistance 
measured.  The  magnetoresistance  values  were  measured  for  50+  devices  with  an 
average  nanocontact  diameter  of  40  nm  (lithography).  These  data  are  shown  in 
Figure  11  A.  As  one  can  see,  the  Rmin  values  were  measured  in  between  the  0.5 
and  10  Q.  These  values  are  similar  to  the  ones  obtained  for  devices  with  single 
crystal  Ni  nanocontact  which  additionally  supports  the  fact  that  the  current 
transport  is  entirely  confined  with  in  the  Ni  phase,  and  that  turmeling 
phenomenon,  or  resonant  tunneling,  in  this  case  can  be  excluded  as  the  transport 
mechanism.  The  important  fact  from  this  data  is  that  the  AR/R  vs.  Rmin 
dependence  follows  the  universal  scaling  that  is  predicted  theoretically  by  Garcia 
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et  al  [5]  based  on  magnetoresistance  originating  from  the  electron  scattering  of 
the  magnetic  domain  wall  as  the  main  mechanism  for  ballistic  magnetoresistance. 
In  our  case,  our  exponent  is  -1,  as  shown  by  the  ~32/Rmin  function  fit  of  our  data. 
Also  it  could  be  concluded  that  the  average  magnetoresistance  for  all  devices  is 
around  32%,  the  value  that  is  comparable  to  the  best  GMR  and  TGMR  based 
magnetic  field  sensors. 


H/Oe 


Figure  11  (A)  AR/R  values  measured  for  prototype  devices  having  Ni  nanocontact  with  phase 
separated  Ni  and  oxide/hydroxide  domains  (Fe(OH)3).  The  line  represents  the  linear  fit.  (B) 
Representative  magnetoresistance  curve  with  R(H=0)>R(H=500  Oe). 


Figure  12.  AR/R  and  AR  vs.  H  for  devices 
having  Ni-Ni  oxide  nanocontact  structure.  The 
material  of  wires  is  Co  (bottom)  and  Permalloy 
(top).  Testing  current  is  5  mAcm~^ 


In  Figure  IIB,  the  representative 
transport  curve  for  the  nanocontact 
with  Rmin  =  1  Q  is  shown.  The  AR/R 
measured  is  ~  40%.  As  one  can  see, 
there  are  apparent  hysterisis  in  the 
transport  curve.  This  feature  is 
reported  earlier  for  AR/R  curves 
involving  resonant  tunneling  as  the 
main  transport  mechanism  in 
nanocontacts  [15]  and  in  our  case  it 
is  still  unclear  what  causes  it.  The 
presence  of  oxide  phase  in  the 
nanocontact  body  certainly 
contributes  to  higher  values  of 
AR/R  as  compared  to  Ni  single 
crystal  nanocontacts  devices 
(Figure  10),  however,  the  similar 
values  of  Rmin  for  both  device 
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concepts  exclude  the  tunneling  and  resonant  tunneling  as  the  main  transport 
mechanism.  More  work  is  necessary  to  elucidate  this  intriguing  result.  In  our 
measurements  of  the  magnetoresistance  for  individual  devices  we  do  see  the 
positive  (R(H=0)>R(H=500  Oe))  and  negative  (R(H=0)<R(H=500  Oe))  values  of 
AR/R.  For  comparison  purpose  we  show  transport  curves  in  Figure  IIB  and 
Figure  12  as  the  two  representative  cases.  It  is  important  to  say  that  same 
observation  is  reported  by  other  researchers  for  BMR  phenomenon  [4,5,8]  and,  at 
this  moment,  we  can  not  make  any  firm  statement  about  distinctive  nanocontact 
structure  associated  with  this  two  limiting  cases. 

CONCLUSION  AND  FUTURE  WORK 

The  research  program  MM  1593  has  succeeded  to  demonstrate  the  functional 
magnetic  field  sensor  devices  based  on  nanocontact  material  with  phase 
separated  Ni  and  oxide/hydroxide  domains  (Fe(OH)3).  The  observed  values  of 
AR/R  are  comparable  if  not  better  than  today's  state  of  the  art  GMR  and  TGMR 
based  magnetic  field  sensors.  The  simplicity  and  cost  effectiveness  of  the 
fabrication  concept  used  for  the  prototype  devices  have  a  promising  application 
for  the  development  of  the  future  magnetic  field  sensors  based  on  ferromagnetic 
nanocontacts.  In  our  work,  the  main  result  is  that  presence  of  electrochemically 
incorporated  Fe(OH)3  phase  in  Ni  nanocontact  matrix  increases 
magnetoresistance  values  of  the  devices  by  factor  of  10  to  50  as  compared  to  the 
Ni  single  crystal  nanocontact  devices.  This  opens  the  frontier  for  future  research 
on  the  materials  that  can  be  used  for  magnetic  field  sensors  based  on 
ferromagnetic  nanocontacts.  The  relatively  low  values  of  R  measured  for  the 
prototype  devices  with  large  AR/R  indicate  that  electron  conduction  through  the 
Ni  phase  is  the  main  current  path  associated  with  measured  resistance,  however, 
positive  and  negative  values  of  AR/R,  as  well  as  appearance  of  the  hysterisis  in 
magnetoresistance  curves  are  indication  that  besides  electron  scattering  from 
MDW  some  other  more  complex  phenomena  are  contributing  to  the  overall  AR/R 
values.  The  future  work  on  this  interesting  concept  should  be  focused  on  several 
directions  briefly  described  as: 

1.  Improvement  of  the  fabrication  methods  in  order  to  reach 
reduction  of  the  nanocontact  diameters  below  10  nm,  and  thus 
provide  the  conditions  for  possible  room  temperature  ballistic 
electron  transport  in  the  conductive  channels  of  the  nanocontact. 

2.  Optimization  of  Ni/Fe(OH)3  nanocontact  material  composition, 
vol%  of  hydroxide  phase,  and  electrodeposition  process  so  that  the 
higher  values  of  AR/R  can  be  obtained,  explored. 
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3.  Focusing  on  TEM  investigation  of  the  nanocontact  stmcture  and 
size  of  the  Fe(OF3)3  phase  in  the  Ni  nanocontact  body,  and  use  this 
realistic  dimensions  to  estimate  the  real  cross-section  of  Ni 
conducting  channels  and  use  them  as  the  input  parameters  in  the 
physical  models  of  the  sensor  device  and  for  micromagnetic 
modeling. 

4.  Perform  the  device  testing  and  magnetoresistance  measurements  at 
low  temperatures  as  four  probe  and  two  probe  resistivity 
measurements  in  order  to  get  better  distinction  about  the  electron 
transport  in  the  nanocontact  devices  (turmeling  vs.  ballistic 
contacts).  Perform  low  temperature  and  room  temperature  I-V 
curves  to  get  interpretation  to  what  degree  defects  in  the 
nanocontacts  contribute  to  the  measured  value  of  the  resistivity  [46]. 
Low  temperature  I-V  measurements  and  resistance  measurements 
should  also  serve  to  estimate  the  relative  ratio  between  physical 
dimensions  of  the  nanocontact  and  the  electron  mean  free  path. 
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